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ABSTRACT

This report presents the results of the calibra-
tions of spherical 5- and 13-hole pitot tubes before
and after they were used in a full-scale wake survey.
Brief descriptions of standard and specifically
developed calibration instrumentation and of the cali-
bration procedure are included. The purpose of the
calibrations was to determine differential pressure
ratios which, during a full-scale wake survey, could be
used to compute velocity component ratios. Differential
pressure ratios obtained during the calibrations are
depicted graphically in terms of angle of inclination for
the pitot tubes at 20 fps (6.10 m/s). In addition, one
5-hole pitot tube was run at four velocities ranging
from 6 to 25 fps (1.83 to 7.62 m/s). The calibrations
were shown to have a small speed dependence at higher
speeds but a significant speed dependence at the lower
speeds. Finally, the composite experimental results
for the 5-hole pitot tubes were analyzed statistically
to obtain the means, spreads and tolerance intervals.
Due to the observed spread of the data among different
tubes, the application of individual calibrations, as
opposed to one average calibration, was recommended.

ADMINISTRATIVE INFORMATION
This work was performed under the Controllable Pitch Propeller
Research Program sponsored by the Naval Sea Systems Command (NAVSEA
0331G) and administered by the David W. Taylor Naval Ship Research
and Development Center (DTNSRDC). The project was funded under

Task Area S0379001 and DTNSRDC Work Unit Number 1-1524-641.




INTRODUCTION

As part of its overall project to adapt controllable pitch pro-

pellers to the needs of high speed combatant ships, the David W.

Taylor Naval Ship Research and Development Center (DTNSRDC) conducted

a full-scale wake survey aboard the R/V ATHENA in September 1977. The
specific goal of this project was to obtain propeller disk velocity
component ratios in the wake of a full-scale ship through the use of
5-hole and specially designed 13-hole spherical pitot tubes. Additional
data were derived from the velocity components through a harmonic
analysis, from which propeller design criteria could be verified.

Chi Associates, Inc. assisted DTNSRDC in performing the analysis of
experimental data from two types of instrumentation calibrations. One
was conducted prior to the full-scale wake survey and the second following
the survey. These will be referred to in the text as the pre and post
calibrations, respectively. The basic purpose of the calibrations was to
measure differential pressure ratios which could be converted during the
full-scale wake survey into velocity component ratios. The pre calibra-
tions were conducted during June and July of 1977, while the post
calibrations were performed during January and February of 1978. Calibra-
tions were conducted at known angles for several speeds, and calibration
curves were plotted from the data gathered. The results of these two sets
of experiments were compared to determine if significant differences existed.

This report gives background information relevant to both 5- and
13-hole spherical pitot tubes and describes the experimental apparatus
used and the procedures employed during calibration. It also contains
figures and appendices relevant to the technical details of the experi-

ments.




EXPERIMENTAL APPARATUS

Calibrations were conducted on the towing carriages at DTNSRDC. The
pre calibration utilized both Carriage 2 of the Deep Water Basin and
Carriage 5 of the High Speed Basin, while only the High Speed Basin was
used for the post calibration. Though it would have been more convenient
to operate from one carriage for “och series of experiments, two carriages
were used for the pre calibration due to scheduling conflicts and time
constraints. Schematics of the two basins are shown in Figure 1.

Carriage 2, which is mounted over the Deep Water Basin, is capable
of operating at speeds up to 20 knots. Its electrohydraulic drive can
maintain carriage sSpeeds to within a few hundredths of a knot. Carriage
5, which is mounted over the High Speed Basin, can operate at speeds up
to 55 knots. The electric drive is an adjustable voltage DC system with
an automatic feedback control, which can regulate the steady speed to
within + 0.1 percent of its prescribed value. Both carriages are equipped
with digital data acquisition systems for collecting experimental data.

Most of the instrumentation in the pre and post calibrations was
supplied by the Department of Naval Architecture and Marine Engineering
at the University of Michigan. Some of the special equipment, particu-
larly the 13-hole pitot tube, was designed and manufactured specifically
for this project.

The principal instrument used in the calibration was the 5-hole brass
spherical pitot tube, 19 inches (483 mm) long and 2.375 inches (60 mm)
in diameter. Detailed design features are presented in Troesch et al.l*
and a graphic description of the 5-hole pitot tube is given in Figure 2.

It can be seen that each of the four holes used for measuring the angles

*Complete listing of references given on page 13.




has been drilled 30 degrees away from the center hole and 90 degrees
apart from one another.

In addition to the 5-hole pitot tube, a 13-hole pitot tube was
specially designed for the full scale wake survey and was calibrated at

DTNSRDC. This pitot tube differs considerably from the classical design

described by Janes? in that it consists of seven partially redundant

5-hole pitot tube combinations rather than three completely redundant
5-hole pitot tube combinations. Figure 3 depicts the design of the new
13-hole pitot tube and illustrates the seven possible combinations of
S5-hole configurations.

The pitot tube was mounted on a calibration jig, shown in Figure 4,
which was moveable in five degree increments in the horizontal/tangential
and vertical/radial planes, as shown in Figure 5. The calibration jig
was suspended on a funnel or inverted cone, which was fastened to the
towing carriage structure (bridge). A spacer plate was placed between
the funnel and the bridge in order to lower the pitot tube to the proper
level of submergence. A schematic showing general design features is
included here as Figure 6.

A single pressure gauge with a Scanivalve system was used to measure
the pressure in each hole during the running of the experiments. An
important feature of this system is that the Scanivalves automatically
close off the air bleed. Once the carriage has attained a steady speed,
the pitot tube system is manually activated and then operates automati-
cally. Initially, pressurized air is ejected from the pressure tanks.
This blows all water out of the system and registers as a high plateau on

the pressure gauge. The air bleed is automatically stopped and pressure




in the system decreases until equilibrium is reached for the total pres-
sure of the flow. This registers on the pressure gauge as a rapid
decline followed by transition to a lower plateau. At this point, the
system signals the computer that equilibrium has been reached and data
collection can begin. A complete description of the system is given in
Troesch et al.1 and is depicted in Figure 7.

An Interdata computer was used during the calibrations to collect
the data onboard the towing carriage, to calculate the differential
pressure ratios and to generate the calibration coefficients after the

experiments had been completed. Strip chart recordings of the pressure

measurements were also made for each tube. A sample strip chart recording

is presented in Figure 8.

EXPERIMENTAL PROCEDURE

The experimental procedures in the towing tanks were identical for

both the pre and post calibration runs. Each pitot tube was towed through

the water at 20 fps (6.10 m/s) with its axis at different angles in each
of two planes, the horizontal/tangential and the vertical/radial. In
addition, tube 13 was towed at 6, 11 and 25 fps (1.83, 3.35 and 7.62 m/s)
and tube 37 was towed at 6, 11, 25 and 30 fps (1.83, 3.35, 7.62, and
9.14 m/s). Table 1 lists each speed and its corresponding Reynolds
number for the pre and post calibrations.

For each calibration, the pitot tube was mcunted on a platform in
the calibration jig under the carriage, leveled, and lowered into the
water where it could be rotated both horizontally and vertically. The
pitot tube was submerged approximately three feet (0.91 m) below the

water surface and adjusted to the required angle of inclination. The
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holes of the pitot tube were connected to the Scanivalve system for
pressure measurements. Air was blown through the pressure lines to the
pitot tube as the carriage began to move. A brief bleed period preceded
each pressure reading, which was taken when the carriage was traveling
at a steady speed. Figure 9 shows a pitot tube during the air bleed
cycle, and Figure 10 shows the same tube during the pressure measurement
cycle.

The towing tank temperatures during the pre and post calibrations
were 70 degrees and 67 degrees F (21.1 C and 19.4 C), respectively.
Figure 11 shows the experimentally determined drag coefficients of
typical spherically shaped bodies in different flow regimes. From this
figure, it can be seen that flow speeds of 6 and 11 fps (1.83 and 3.35 m/s)
correspond to a subcritical flow pattern, and those of 25 and 30 fps (7.62
and 9.14 m/s) correspond to a supercritical pattern. The supercritical
pattern, with much less flow separation, is indicated by the sharp
reduction in the drag coefficient.

As stated in the previous section, the differential pressure ratios
were calculated on the Interdata computer and manually plotted onboard
the carriage. Plotting the data served as a check to determine if the
values, or experiment spots, appeared reasonable based upon the expected
outcome from previous calibrations. The plots were once again checked
and their values entered into program POLYFIT, which is a least squares
curve fitting routine. POLYFIT, in turn, generated the final plots of
the calibration curves and their coefficients. Appendix A describes how
to use the calibration curves to obtain velocity component ratios.

The complete calibration of a tube consisted of runs at five degree
intervals within a 60 degree arc, 30 degrees each side of zero, for

6
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both planes. The original plan called for 38 tubes to be calibrated. Tubes
numbered 1-35 were 5-hole pitot tubes, and those numbered 36, 37 and 38 were
13-hole pitot tubes. Due to time and scheduling constraints, only twenty-
five and twenty-eight pitot tubes were calibrated for the pre and post
calibrations, respectively. Table 2 lists those tubes which actually
were calibrated. All tubes were calibrated at a speed of 20 fps
(6.10 m/sJ. To study the effect of speed, measurements were also obtained
at speeds of 6, 11, and 25 fps (1.83, 3.35 and 7.62 m/s) for tube 13 and at
6, 11, 25 and 30 fps (1.83, 3.35, 7.62 and 9.14 m/s) for tube 37. See
page 11 for a discussion of speed effects.

fince seven 5-hole combinations can be derived from a single
13-hole tibe, the number of data points for each 13-hole tube is signi-
ficantly larger. Figure 3 presents the seven combinations of 5-hole tubes
and gives a pictorial representation of the relationship of holes on the
13-hole tube. During the calibration, calculations were made for each
of the seven combinations so that the redundancy of the data could be

examined.

PRESENTATION AND DISCUSSION OF RESULTS

The results of the pre and post calibrations are the differential
pressure ratio coefficients, presented in graphical form as a function
of angle of inclination at four different speeds. The calibration curves
consist of from 7 to 13 data points collected for each of the 25 5-hole
pitot tubes in each of the two planes. Each data point on a curve
consists of the value for the differential pressure ratio from which
flow directions and magnitudes can be calculated for both the tangential

and radial components. Appendix A presents the procedure for deriving

velocity component ratios from pressure measurements.




In this study, the coefficients for each calibration were generated

from the experimental data in the program POLYFIT. Appendix B explains

the quantities which the coefficients represent. POLYFIT fairs a curve
through the 7 to 13 given data points and computes 100 intermediate
;i points. Curves from third and fourth degree polynomials were examined,
3 and the one with the highest correlation coefficient to the given points |
was chosen as the calibration curve to be used for a particular tube,
plane and speed. In each instance, the curve used gave an accurate fit.
Figures 12-58 present the pre calibrations of the 5-hole pitot tubes.
2 Figures 22-27 show the results for tube 13 at speeds of 6, 11 and 20 fps
(1.83, 3.35 and 6.10 m/s). Figures 59-114 present the post calibrations
of the 5-hole pitot tubes, with Figures 73-80 showing the results for
tube 13 run at 6, 11, 20 and 25 fps (1.83, 3.35, 6.10 and 7.62 m/s).

Figures 115-126 present the pre calibrations of the 13-hole pitot tubes

and Figures 127-134 present the post calibrations of the 13-hole pitot

E i tubes. The data from Tube 37 for speeds others than 20 fps (6.10 m/s)

will be presented in a future report.

The calibrations of Tubc 9 in the horizontal/tangential plane,

Figures 17 and 68, illustrate the greatest differences between the pre
and post calibrations. At B = -10 deg, (C - Tz)/V2 is equal to 0.0051
in the pre calibration but is 0.0056 in the post calibration. This

difference would result in a five percent error in the prediction of

the velocity, V. However, Tube 9 results were not consistent with the
results of other calibrations in which the differences between pre and

post calibration velocity predictions were on the order of one to two

percent.

To compare the calibrations of various tubes, composite calibrations

| 8
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were derived from each individual experiment. The composite data repre-
sent a statistical average over all tubes for a given experimental condi-
tion and are presented in this report in Figures 135-138. The statistical
analysis of the composite data for the 5-hole pitot tube consists of the
mean, maximum and minimum values, and tolerance intervals. In the com-
posite plots, the curves have been faired through the mean values which
are assumed to be representative of all tubes. Any differences which
appear can be attributed to experimental error and/or imperfection in
manufacture. The fairing process should average out experimental errors
to give an unbiased estimate of the true value.

The population of this statistical analysis has as its elements
the pressure readings for the S5-hole pitot tubes in the horizontal/
tangential and vertical/radial planes for both the pre and post calibra-
tions. The mean, minimum and maximum values and the tolerance intervals
have been calculated for each angle from the samples obtained during
the experiment and are presented in Tables 3-10 and Figures 135-138.

Attention is now directed to the accuracy of the calibrations, using
the consistency of the data as the main criterion for evaluating the
results. Any inconsistency in the data would indicate a tube irregularity
due to improper manufacture or damage during the trial.

A 99 percent distribution-free tolerance region has been determined
for this analysis. This tolerance interval is a generalization of the
confidence interval corresponding to a band of values as opposed to
a single value and gives an indication as to the interval in which
a given percentage of the population should fall. The 99 percent
tolerance interval means that there is 99 percent confidence that 99

percent of the distribution will lie between the indicated bounds.

9
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Mathematically, this probability concentration of the sample population

is expressed as follows:
P {/pdF > .99} = .99

Comparing the results of the pre and post calibrations in Figures
135 through 138, the agreement between corresponding data points in both
pglanes, at least for the constant speed of 20 fps (6.10 m/s), can be
readily seen. Almost all of the values fall within the bounds of the
tolerance intervals. The exceptions are the minimum values corresponding
to B angles of +25 deg and +30 deg of curves 1 and 3 in the pre calibra-
tion horizontal/tangential plane (Figure 135) which fall below the
tolerance limit. Since this occurs only in this plane and at these
angles, the abnormally low values should be attributable to an isolated
tube which perhaps had a bad pre calibration.

Comparison of the mean values of the differential pressure ratio
coefficients for the pre and post calibrations for each plane, as listed
in Tables 3-10, reveals some differences. In general, the post calibra-
tion mean values are higher than the pre calibration values. In Table 4,
the statistical summary for (C - Tl)/V2 at B = 10 deg lists the pre
calibration mean as 0.00517 and the post calibration mean as 0.00535.
This difference would result in an error of less than two percent in the
prediction of the velocity, V. For most of the mean values, the differ-
ences between pre and post calibration are even less, indicating an even
smaller error.

Though the differences between the statistical averages of the
pre and post calibratioﬁ are small, the scatter of the data between

different calibrations is large. This scatter is probably due to

10
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manufacturing differences in the pitot tubes, though tark  turbulence
and experimental error do have an effect. The post calibration mean
value of 0.00523 and maximum values of 0.00562 for (C - R:,)/V2 at
B = -10 deg are shown in Table 10. The difference in these two values
would result in an error in the predicted velocity, V, of almost four
percent. Though this example was selected as an extreme case, errors
of two to three percent were not uncommon.
To determine the effect of towing speed on the calibrations, tube
13 was run at 6, 11, 20 and 25 fps (1.83, 3.35, 6.10 and 7.62 m/s) in
both the pre and post calibrations. The results are presented in
Figures 22 through 27 and in Figures 73 through 80. Composite results
for the horizontal/tangential plane post calibration, which are typical,
are presented in Figure 139. Significant differences are evident,
particularly at the lowest speed. The value for (C - T2)/V2 at
B = -10 deg at 6 fps is 0.0049 and at 20 fps is 0.0054. This difference
would result in an error in the predicted velocity of about five percent.
However, at the other speeds, the differences are much less significant.
The speed of 20 fps (6.10 m/s) was selected for the calibrations
based on the physical limitations of the calibration equipment such as

excessive water spray and rake vibrations. Referring to Figure 11, the

speed of 20 fps (6.10 m/s) is seen to be in the transcritical flow pattern

regime and the speed of 25 fps (7.62 m/s) is seen to be in the super-
critical flow regime. However, since the data presented in Figure 139
show that the calibrations at 20 and 25 fps (6.10 and 7.62 m/s) are prac-
tically identical, any transcritical effects oh the calibrations are

assumed to be negligible. Therefore, the complete set of calibrations at

20 fps (6.10 m/s) is considered valid for the analysis of full-scale data.

11
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CONCLUSIONS
As a result of this calibration analysis, the following conclusions
can be reached:
(1) The differences between the pre and post calibrations for a
given tube were generally small. The difference in the predic-
ted velocity using the pre and post calibrations at B = 10 deg

was typically one to two percent.

(2) The calibrations of individual pitot tubes contained significant

scatter about the mean values obtained by averaging the results

! of all tubes. The difference in the predicted velocity using
the mean and actual calibrations was typically two to three
percent.

(3) The differences between the mean values over all tubes of the

pre and post calibrations were small, indicating the absence

of a bias between the pre and post calibrations.

(4) Based on conclusions (1), (2) and (3) above, individual pre
and post calibrations for each tube will give more accurate
predictions of velocity component ratios.

(5) At speeds of 20 fps (6.10 m/s) and above, the calibrations

: were relatively insensitive to speed change. However, at the
lower speeds of 11 fps (3.35 m/s) and less, the calibrations
were highly speed (or Reynolds number) dependent. Therefore,
the validity of the calibrations listed in this report has
only been demonstrated in the speed range of 20 to 30 fps
(6.10 to 9.14 m/s), though the calibrations should also be

accurate at higher speeds.

12
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TABLE 1

REYNOLDS NUMBERS* FOR THE TEMPERATURE AND SPEED RANGE OF THE CALIBRATIONS

L —

SPEED PRE CAL POST CAL
FT/SEC Rn x 10-5 Rn x 10-5
T = 70°F:FW T = 670 F:FW
.; 6 1.125 1.081
ii 11 2.063 1.982
1 15 2.813 2.703
t 20 3.751 3.604
| 25 4.689 4.505
30 5.626 5.406 |
Rn = 5.212 x 10°: Full Scale Trial Conditions

\ Sea Water T = 829F (27.89C)

Mt

ﬂ o The diameter of the spherical head of the pitot tube is the
characteristic length used.

ae ot
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TABLE 2

CALIBRATED PITOT TUBES

PRE CALIBRATION
5-Hole Tube Number

13-Hole

Tube Number

36
37
38

16

POST CALIBRATION
5-Hole Tube Number

13-Hole Tube Number

37
38
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